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Presumably, sensitivity to bitter compounds arose as a means of detecting toxic agents. Consequently, many structurally diverse compounds taste bitter to humans and other animals. An ability to detect bitter is now thought to be based on specific recognition by a family of putative bitter taste receptors (Adler et al. 2000; Matsunami et al. 2000) and perhaps other mechanisms (Lindemann 1996) .
One important model system for investigating the bitter taste mechanism involves the acetylated sugar, sucrose octaacetate (SOA), which tastes bitter to humans and has an aversive taste to at least some mice and other animals. In mice, taste aversion to SOA depends on allelic variation of a single locus, Soa, with three known alleles. The Soa a allele determines a 'taster' phenotype of strong SOA avoidance, the Soa b allele determines a 'nontaster' phenotype of indifference to SOA, and the Soa c allele determines a 'demitaster' phenotype of intermediate SOA sensitivity (demitasters are indifferent to 0.1 mM SOA, but avoid 1 mM SOA). An order of a phenotypic dominance of these alleles is taster > nontaster > demitaster (Harder et al. 1992 Boughter and Whitney 1995; Harder et al. 1996) . Within an outbred CFW strain, there is a phenotypical variation in SOA avoidance, which is due to segregation of taster and demitaster Soa alleles Harder et al. 1992 ).
The Soa locus has been mapped to distal Chr 6 (Azen 1991; Capeless et al. 1992; Lush et al. 1995) . This region contains several candidate genes thought to be involved in bitter taste perception. A recent study has shown that one of these genes, Prp, is a less likely candidate for Soa (Harder et al. 2000) . Several genes encoding G protein-coupled receptors expressed in taste tissue were also found in the Soa region (Adler et al. 2000; Matsunami et al. 2000) . However, there is still no evidence that one or some of these receptors bind SOA as a ligand. A mechanism for transduction of SOA bitter taste could be identified by using positional cloning of the Soa locus. This requires high-resolution genetic and physical mapping of the Soa region. The chromosomal region proximal to Prp has been physically mapped (Brown et al. 1999; Depatie et al. 2000) , but it does not include the whole Soa interval.
To begin positional cloning of Soa, we conducted this study aimed to determine a Soa nonrecombinant interval. Replicate Soacongenic strains were used to define an overlapping part of the donor fragments as a Soa critical region. Outbred CFW mice were used to conduct linkage-disequilibrium analyses similar to those in human population studies. Finally, marker order and physical distances were estimated by using radiation hybrid (RH) mapping.
Materials and methods
Mouse genotyping. The tail tissues were collected from the following inbred, congenic, and outbred mice: (i) Mice from SWR/J (SWR), C57BL/6J (B6), and C3HeB/FeJ (C3He) inbred strains (n ‫ס‬ 3 for each strain).
(ii) Mice from SW.B6-Soa b (SW.B6) congenic strain in generation NE 10 F 23 (n ‫ס‬ 3). In all tested SWR, B6, C3He, and SW.B6 mice, genotypes for all tested markers were identical within the strains.
(iii) Mice from 11 substrains (# 1-6, 8-12; n ‫ס‬ 1 for each strain) of an extinct B6.SW-Soa a (B6.SW) congenic strain in generation N 11 F 4 . These B6.SW mice were previously phenotyped (they all were SOA tasters), and their Prp RFLP genotypes were examined (substrains # 1, 2, 6, and 8 were homozygous for an SWR allele, substrains # 3-5 and 9-12 were heterozygotes with one allele from the SWR strain; G. Whitney and E.A. Azen, unpublished) .
(iv) Mice from three substrains (# 3, 5, and 6) of a segregating C3.SWSoa a/c (C3.SW) congenic strain in generations N 29 -N 30 . All C3.SW mice were phenotyped in 96-h, two-bottle tests with 0.1 mM SOA (methods are described in Bachmanov et al. 1996) . The mice could be divided into two nonoverlapping groups: approximately one half strongly avoided 0.1 mM SOA (phenotype of SOA tasters; Soa a/c heterozygotes), and the other half was indifferent to 0.1 mM SOA (phenotype of demitasters; homozygotes for C3He Soa c allele; data not shown). Genotyping of these mice confirmed that the tasters had one copy of a donor chromosome fragment from the SWR strain, whereas the demitasters were homozygous for alleles of the C3He inbred partner strain for all tested markers. Within substrains # 3 and 5, there were two groups of mice with different sizes of donor fragments; these groups are referred to as substrains # 3a, 3b, 5a, and 5b. Numbers of genotyped SOA taster mice from each substrain were 1 (# 3a), 4 (# 3b), 5 (# 5a), 12 (# 5b), and 6 (# 6).
(v) Mice from CFW outbred strain (n ‫ס‬ 41). In these 41 mice, SOA avoidance and Prp RFLP haplotypes had been characterized previously Harder et al. 1992) . Among them, 21 were SOA tasters and had one or two copies of an SWR-type Prp allele (allele C, Table 1 ), and the other 20 were demitasters and had no SWR-type Prp alleles (a summary of these data, but not individual genotypes, was published in Harder et al. 1992) . Linkage disequilibrium was analyzed by using an approach similar to one described in Peissel et al. (2000) . Frequencies of alleles for each marker were compared between taster and demitaster groups by using Pearson Chi-square tests. The frequency of each allele was calculated as a ratio of a total number of alleles (one for heterozygotes and two for homozygotes) to total number of Chr 6 chromosomes (number of mice times two). The p values from the Chi-square tests were transformed into their negative base-10 logarithms. To correct for multiple (n ‫ס‬ 28) comparisons, we used a Bonferroni correction, setting the level of statistical significance at p < 0.05/28 ≈ 0.0018, corresponding to −log 10 (p) > 2.75.
Genomic DNA was purified from mouse tails with the NaOH/Tris method (Truett et al. 2000) . Genotyping was performed with methods described elsewhere (Bachmanov et al. 1997) . Briefly, microsatellite (simple sequence length polymorphisms, or SSLP) markers were amplified by using PCR with primers purchased from Research Genetics, Inc. (Huntsville, Ala.). The denatured PCR products were electrophoresed on a polyacrylamide sequencing gel and visualized by autoradiography.
The tested markers spanned a region of Chr 6 between 36.5 and 74.1 cM from the centromere (chromosomal positions were obtained from the Mouse Genome Database, MGD, http://www.informatics.jax.org). In the inbred and Soa-congenic mice, 38 SSLP markers were tested (Fig. 1) . In the CFW outbred mice, 31 SSLP markers were tested (Fig. 2) .
Radiation hybrid (RH) mapping.
The T31 mouse-hamster radiation hybrid panel (Research Genetics) was genotyped according to a standard protocol (http://www-shgc.stanford.edu/Mapping/rh/procedure/ rhassaynew.html) with markers D6Mit13. 1, 110, 111, 219, 290, 370, and 374. All markers were tested at least twice and scored in ethidium bromidestained agarose gels. The data were submitted for analysis to The Jackson Laboratory RH Database.
Results and Discussion
Haplotypes of the Soa-congenic strains. Of the 38 genotyped SSLP markers, 27 (71%) were polymorphic between the SWR and C3He strains, and 34 (89%) were polymorphic between the B6 and SWR strains. The results of genotyping are presented in Fig. 1 . The Soa-containing region is limited to an overlapping part of all donor fragments, which is flanked proximally by D6Mit370 and distally by a group of markers, D6Mit111, D6Mit110, and D6Mit290 (their positions could not be ordered based on aligning donor fragments, but the RH mapping described below and the MGD map placed D6Mit111 as the closest distal flanking marker for the Soa region).
The distance between the D6Mit370 and D6Mit111 markers flanking the Soa-containing region is ∼1 cM (MGD map). The overlapping part of the donor fragments includes three markers, D6Mit219 and two markers within the Prp locus, D6Mit13 and 47.MMPRPMPB.
Allele frequencies in SOA-taster and -demitaster outbred CFW mice. Of the 31 genotyped SSLP markers, 27 (87%) were polymorphic, with two to four alleles each. Four markers were in linkage disequilibrium with the SOA taste aversion phenotype:
D6Mit370, D6Mit219, D6Mit13, and the Prp RFLP (Fig. 2) . Genotypes for three markers, Prp RFLP, D6Mit13 and D6Mit219, were found in combinations, suggesting that they are parts of nonrecombinant allelic haplotypes (Table 1) . These haplotypes were consistent with the dominance of the taster Soa a -allele: all tasters (expected to have one or two Soa a -alleles) had one or two copies Fig. 1 . Haplotypes defining donor fragments in three Soa-congenic strains. Substrains are indicated by numbers. "D" and shading indicate donor strain genotype; "b", background strain genotype; "-", no polymorphisms; cells are blank if data are missing. All C3.SW mice had one copy of a donor fragment; all SW.B6 mice had two copies of donor fragments; among the B6.SW mice, substrains # 1, 2, 6, and 8 had two copies, and substrains # 3-5 and 9-12 had one copy of the donor fragment. Markers are arranged based on their positions on the MGD and MIT maps, our genetic and RH mapping data, and physical mapping data (Brown et al. 1999; Depatie et al. 2000) . D6Mit374 is mapped on the MGD/MIT maps more distally (at 74.0 and 66.7 cM respectively), but our genetic and RH mapping position this marker to a more proximal location, which corresponds to genetic and physical mapping by Depatie et al. (2000) . Boxes indicate markers mapped to the same bins because their positions within a bin could not be ordered based on haplotypes of donor fragments (some of them could be ordered within the bins based on the MGD map). Of the 38 markers tested, only two (D6Mit52 and D6Mit113) were not polymorphic among the three inbred strains, and they are not shown in the figure. Two C3.SW substrains (#5b and 6) had the smallest overlap of the donor fragments, and therefore they were the most informative for defining the limits of the Soa region. Fig. 2 . Linkage disequilibrium mapping of the Soa locus. Dots represent negative log 10 of p-values in 2 tests comparing frequencies of alleles of polymorphic markers genotyped in SOA-taster and SOA-demitaster CFW mice (D6Mit9, 12, 13, 14, 36, 52, 55, 57, 59, 61, 109, 110, 135, 150, 195, 196, 199, 219, 220, 258, 290, 291, 301, 337, 366, 370, 374 , and an RFLP of the Prp locus; D6Mit111, 177, 257, and 339 markers have been tested but were not polymorphic). Marker positions relative to the centromere are based on the MGD map. Dotted horizontal line shows threshold of statistical significance [-log 10 (p) ‫ס‬ 2.75, corresponding to p ‫ס‬ 0.0018].
of alleles C (Prp RFLP) and B (D6Mit13 and D6Mit219), whereas nontasters had none of these alleles (exemplified in Fig. 3 ). This demonstrates that Soa, Prp, and D6Mit219 have not been separated by recombinations during many generations of existence of the CFW strain, and therefore they are tightly linked.
D6Mit370 was also in linkage disequilibrium (Fig. 2 ), but 7 of 41 mice did not retain D6Mit370 as a part of a haplotype formed by the other three markers (Table 1) . Although allele B of D6Mit370 was predominantly represented among SOA tasters, one taster mouse did not have this allele, and one demitaster mouse was a B/C heterozygote. Thus, D6Mit370 can be excluded from the Soa-containing nonrecombinant interval.
The results of genotyping the CFW mice were consistent with the Soa-congenic data. In both experiments, D6Mit219 and Prp were within the Soa region, and D6Mit370 appeared to be the closest proximal flanking marker. However, analyses of the CFW mice did not help with ordering markers within the distal flanking group: D6Mit111 was not polymorphic in the CFW strain, and linkage disequilibrium for D6Mit290 and D6Mit110 was not significant.
RH mapping. The genetic analyses described above have shown that the proximal boundary of the Soa region is D6Mit370, and the distal boundary is defined by a group of markers, D6Mit111, D6Mit110, and D6Mit290. However, the order of markers within this distal group could not be established. To resolve the order of the markers and to estimate the physical size of the Soa region, we genotyped these markers using the T31 RH panel. The following order and distances were obtained: D6Mit370-45.2 cRD6Mit13.1-9.0 cR-D6Mit219-20.0 cR-D6Mit111-3.1 cRD6Mit290/D6Mit110/D6Mit374. Therefore, the two closest markers flanking the Soa nonrecombinant interval are D6Mit370 and D6Mit111 (separated by 74.2 cR).
Although 1 cR corresponds to approximately 100 kb on average throughout the genome (Van Etten et al. 1999) , this ratio varies from region to region (Rowe et al. 2000) and could be best estimated empirically. The physical distance between D6Mit370 and D6Mit13.1 estimated from two independent studies (Brown et al. 1999; Depatie et al. 2000 ) is 2-3 Mb. (Although these two publications do not show the exact position of D6Mit370, they describe YACs 52A6 and 95E6, which contain D6Mit370 according to the MIT database, http://www-genome.wi.mit.edu). The distance between these two markers in our RH mapping experiment was 45.2 cR, which gives us an estimation of 1 cR ‫ס‬ 44-66 kb. Thus, a 74.2-cR distance between D6Mit370 and D6Mit111 corresponds to 3.3-4.9 Mb.
In conclusion, we have defined the nonrecombinant Soa interval, which has a size of ∼1 cM (74.2 cR, or 3.3-4.9 Mb). Frequency of recombinations within this interval appears to be lower than the average for the genome (1 cM/2 Mb; Silver 1995). This region includes the Prp locus and probably some of the putative bitter-taste receptor genes (Adler et al. 2000; Matsunami et al. 2000) . This study sets up a stage for physical mapping of the Soa region and positional cloning of the Soa gene. Fig. 3 . Genotypes of the CFW mice for D6Mit219. A, B, and C indicate alleles. Mouse numbers (corresponding to those in Table 1 ) and genotypes are shown at the top. Mice # 1-21 are SOA tasters; mice # 22-41 are SOA demitasters. All tasters have one (# 1-5, 7, 8, and 10-20) or two (# 6, 9, and 21) copies of allele B, whereas none of the SOA demitasters have this allele.
